We report on the utilization of fluorescence probes for the study of damage to the insulator Celcon under electrical stress and surface flashover. Such probes reveal chemicai and structural changes caused by application of voltages that are far lower than the surface flashover voltage.
Introduction
Electrical insulators deteriorate due to damage caused by mechanical, thermal, and electrical stresses and, in some instances, radiation. Consequently, breakdown strengths decrease and insulators may fail in voltage transmission lines, pulsed high p o w e r devices, etc.
Usual methods of study of insulator damage include measurement of bulk breakdown or surface flashover voltages, resistivity, electron microscopy, electron spectroscopy for chemical analysis, and infrared spectroscopy. These methods are difficult to use to study pre-catastrophic damage.
A technique which could do this would need to have good spatial resolution and high sensitivity in order to detect incipient damage features such as changes in surface and bulk charging, structural defects, and chemical changes. Laser-excited fluorescence probes provide the sensitivity to distinguish different damage aspects associated with surface flashover, as we have shown previously1, 2 . The insulator material we have concentrated on so far is Celcon. In this paper, we focus on the utilization of fluorescence probes to e x a m i n e structural/chemical changes that occur when this insulator is subjected to electrical stresses that are lower than the surface flashover voltage.
Insulator Materials and SamDle PreDaration
Samples, 3.5"x2.5"~1/8" in dimension, are prepared by sanding one side through grit 1500.
The sample is then placed on a grounded plate inside a vacuum chamber and two stainless steel electrodes are placed on the prepared surface. The anode is grounded and a high voltage (10-35 kV, DC) of negative polarity is applied to the cathode. The setup is shown in Fig. 1 . The high voltage is applied for a duration of five minutes, in a vacuum on the order of torr. After the electrodes are removed from the sample and it is taken out of the vacuum chamber, one of several fluorescence probes (in methanol solution) is applied using a chromatography sprayer. Surface flashover system. The sample rests on a grounded base plate and the electrodes are held down to the sample surface with springloaded setscrews.
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Fluorescence Probes
Fluorescence probes used in this study include rhodamine 6G, rhodamine 101, and Eastman Yellow 7GT. The structure of these compounds is shown in Fig. 2 .
Dyed samples can be examined under laser excitation in several ways. The entire surface of the sample can be illuminated with a diffused laser beam, and the sample can then be photographed or examined visually through a filter which eliminates the laser light so that only the fluorescence is transmitted. The sample can also be placed on an x -y translational stage to record spectra at various sample locations. Spectra are recorded using photon counting techniques.
A typical sample subjected t o surface flashover (35 kV in our apparatus) is shown in Fig. 3 . This sample was stressed for five minutes and subsequently dyed with However., the overall fluorescence is less intense, the cathode fluorescence is quenched o n l y slightly, and no quenching occurs at the anode site.
Eastman Yellow e x h i b i t s completely different properties.
T h e flashover tracks are not visible when sample fluorescence is observed. However, they can be seen when the sample is examined in room light, under which they appear white, while the rest of the sample is yellow.
The electrode region fluorescence exhibits a varying intensity which depends on the stressing voltage, and the fluorescence between the electrodes exhibits a voltagedependent blue-shift.
Rhodamine 101
Inner Salt Qco0- The fluorescence of a typical sample dyed with Rh6G.
This sample w a s flashed over at 35 KV for a duration of 5 minutes. The fluorescence is quenched at the electrode sites and there is a bright corona damage region around the cathode. Dark flashover tracks between the electrodes can be seen.
Effects of Stressina Voltaae
When Eastman Yellow is used t o examine Celcon under varying stress voltages, the relative intensity of the fluorescence of the electrode locations and the surrounding areas depends on the stressing voltage and on the wavelength at which the spectrum i s taken. For example, on a sample stressed at 10 kV, the electrode areas appear brighter than their surroundings at wavelengths longer than 550 nm.
On a sample stressed at 25 kV the electrode areas appear darker than their surroundings at wavelengths shorter than 650 nm, and brighter at longer wavelengths, On a sample stressed at 35 kV the fluorescence on the electrode areas is darker than their surroundings for the entire visible spectrum. Fig. 4 shows samples dyed with Eastman Yellow stressed at 15 and 35 k V . Although much information is lost in reproduction of the pictures from the original color slides, the relative intensities of the electrode regions can be seen. When seen in color, an unstressed sample or an area of a stressed sample away from the electrodes appears orange, while the corona region appears yellow. At the higher voltages some green can be seen.
At low voltages the rhodamines do not have the sensitivity of Eastman Yellow .
Samples stressed at 10 kV for the standard 5 minute duration did not show any structure. Samples stressed at 15 kV for several hours, however, show dark electrode r e g i o n s . Samples stained with one of the rhodamines, unlike those stained with Eastman Yellow, always have dark electrode regions. shielded by the electrodes exhibited quenched KV. Note the brighter electrode regions on fluorescence with both rhodamine 6G and sample A.
Eastman Yellow. This effect is similar to that observed in the electrode regions in electrically stressed samples. Fig. 5 shows the fluorescence of two samples that have undergone UV stressing and were dyed with rhodamine 6G and Eastman Yellow. Ultraviolet radiation is produced by electric discharge of the gas evolved from the insulator when it is subjected to electrical stress. To isolate the effects of the UV, samples were placed under a UV source in an inert environment, such as nitrogen or argon. Electrodes were placed on the surface to shield the sample as in a s a m p l e undergoing flashover. After about 24 hours the samples were dyed in the same manner as those subjected to electrical stress.
Effects of Free Radicals
During flashover, free radicals are thought to form on the surface of samples when polymer bonds are broken. To teet how free radicals affect the fluorescence of the dyes, the effects of a stable free radical on the spectral features of our probes were examined. Since free radicals formed cm the insulator surface are likely to be kighly reactive, one might consider spin trappmg to stabilize them. Accordingly, we also examined the effect of a spin trapping agent on the spectral features of our fluorexence probes.
Both solution spectra and srectra on spots deposited on thin :.ayer chromatography (TLC) plates (without UV indicator) were measured. TLC plates provide a good medium for this test since they c l 0 not fluoresce, unlike many other materials, including the insulator being tested.
The free radical used was 3 -carbamoyl-PROXYL and the spin trap N-t e r tButyl -a-phenylnitrone ( P B N ) . Structural diagrams appear in Fig. 6 . A drop of a methanol solution of either the spin trap or the free radical was placed on a TLC Flate. After the methanol evaporated, a drop of a methanol solution of the dye was placed over the first drop. In s i t u spectra were taken of each spot, noting the spectral shifts.
Only rhodamine 101 exhisited noticeable spectral shifts.
The spin trapping agent caused a blue shift of 10-15 angstroms, while the free radica; caused a blue shift of 25-45 angstroms. Rhodamine 6G and Eastman Yellow were unaffected by the addition of either compound. N o significant spectral changes were observed in solution. 
Discussion
Previous investigation2 leads us to believe that surface charging is not the cause of fluorescence changes in rhodamine 6G at the electrode sites.
The observations reported here indicate that free radicals also are not the cause. This is not surprising because free radicals formed on the insulator surface when bonds are broken are expected quickly to reform bonds within the insulator or react with the gases desorbed from the insulator.
The remaining causes to be considered are chemical changes in the structure of the insulator, structural changes to the surface due to irradiation with the UV given off during stressing, and mechanical changes in topography due to electron bombardment.
Our working hypothesis is that on excitation rhodamine 6G forms a twisted intramolecular charge transfer (TICT) state at the electrode locations, or that the formation of TICT state is inhibited at locations between the electrodes. TICT compounds, when excited, form non-fluorescing states in which one planar group is twisted in relation to another planar group. The formation of TICT states can be prevented, and the fluorescence enhanced, by reducing the electron accepting properties of the groups or by rigidizing the molecule.
Rhodamine 101 is structurally and spectrally similar to rhodamine 6G. However, the bonding in the molecule prevents TICT state formation. Accordingly, electrode site fluorescence quenching should be absent. Indeed, fluorescence quenching at the cathode site is minimal only and no fluorescence quenching at all is observed at the anode site. We do not at present understand what surface feature affects the formation of TICT states.
The results of the UV stressing study indicate that UV irradiation of the sample during flashover p r o d u c e s chemical/structural changes that affect the spectra of the fluor escence probes. Regions which were shielded during UV stressing exhibited quenched fluorescence similar to that observed at tile electrode sites upon electrical stress.
Topographi: changes may be caused by secondary electrons which bombard the surface of the insu2ator during stressing or by the heat of the flashover. malononitrile class lrolecule, was chosen as a fluorescence probe kcause it is a molecular rotor. Such mo1ecu:es have groups which can rotate about a sing1 bond. When rotation is inhibited, the molec Ales fluoresce brightly. The rotation, hence fluorescence efficiency, is thus affected by the size of voids in the polymer. The 0 : served fluorescence intensities suggest that polymer free volume does occur on electrical stress.
Polymer p t larity is known to also cause a shift in the molecule's fluorescence spectrum4.
Voli3ge-dependent spectral shifts were found as described earlier, suggesting that chi iges in polarity may be linked to the stres: ing voltage. Changes at or near the polymer surface will affect the spectral propertie of this fluorescence probe as well.
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